Abstract. This paper proposes a method which uses the deflection influence line (DIL) to identify the damage in arch rib, it can locate the structural damage positions accurately by observing the difference of the second derivative of the DIL, and the values of the difference of the second derivative of the DIL enable to reflect the degree of damage. To verify the correctness and feasibility of this method, numerical and experimental studies have been conducted. Both the numerical and experimental results show that the difference of the second derivative of the DIL can identify both the positions and degrees of the structural damage effectively. It only need to measure one point when measuring the DIL, which is easy to operate in practical engineering.
Introduction
In the past few decades, a number of damage detection techniques were proposed for mechanical, aerospace and civil structures. The vibration-based damage detection techniques have drawn major attention from the civil engineering society in the past [1] . A well-known family of them is based on structural dynamic characteristics and their derivatives. Typical dynamic characteristics include frequencies, mode shapes, damping ratios, and strain mode shapes, while their representative derivative include modal assurance criterion [2] , frequency response function [3] , modal strain energy [4] , energy transfer ratio [5] , flexibility matrix [6] , etc. Although these methods demonstrated varying degrees of success in previous studies, large-scale detection of local damages in complex civil structure remains a major challenge. One of the main obstacles is that structural dynamic characteristics are either insensitive to local structural damage or too sensitive to changes of the operational environment, such as temperature.
On the other hand, relatively rare attention has been paid to static damage detection techniques. Damage indices based on deflection influence line (DIL) is a static damage detection technique appears in recently years. When it is used in bridge detection, applying load by moving a truck can get the DIL at a certain point in the structure, it can not only solve the problem of damage detection, but also can use for bridge real-time detection. What's more, this kind of damage detection just need one measurement point in theory, it solves the problem of traditional static load experiment which is time-consuming and laborious. Xiao-na Kou [7] first proposed a method that uses the DIL to identify the damage of bridge structure, but she only conducted finite element simulation. Yun-shuai Liu et al. [8] improved this method, but their object of the study was simply-supported beam. Ya-ping Jia [9] identified the damage of continuous beam using the DIL. However, the correlative study about damage detection of arch structure based on the DIL has not been reported yet.
Damage Detection Principle of Beam Structure Based on Deflection Influence Line
As shown in Figure 1 , the axis of beam before distorting for x axis, the vertical symmetry axis of beam cross-section for y axis, the beam will have bending deformation under lateral load, as indicated by the dotted line. The linear displacement w of a point on the axis, which is perpendicular to x axis, is the deflection of this section C, the angular displacement θ of the cross-section with respect to the initial position is the angle of rotation of this section. The axis of beam after distorting is called the deflection curve, which is usually expressed by the following equation:
(1) As distortion is usually in linear elastic range, it belongs to small distortion, the tangent gradient w' for each point in the deflection curve can represent the angular displacement θ of cross-section of this point, that is:
(2) The formula above is also called angular displacement equation. According to the mechanics of materials, obtained:
(3) The formula above is called the approximated differential equation of deflection curve of a beam, as can be seen, the second derivative of deflection curve can reflect stiffness and stress state of cross-section, based on this principle, the DIL of the target point before and after the damage will occur mutation at damage sites if there is partial damage in the structure, therefore the DIL of a certain point can be used to identify the damage state of the structure. Model arch span is 2.6m, rise span ratio is 1/4, material is steel Q235, poisson ratio is 0.3, density is 7850kg/m 3 , elastic modulus before the damage is 2.1E11Pa. Using the reduction of the elastic modulus of the material to simulate the damage of the arch rib model, arch rib section is circular whose diameter is 0.014m. The finite element model of arch is built in Midas/Civil which is a commercial finite element software, the element type is plane beam element. The structure is divided into 21 nodes along the x axis, total 20 elements, the boundary condition is fixed at both ends, and the finite element model is shown in Figure 2 .
Numerical Study

Finite Element Model
Single Damage Detection
It is assumed that there is 15% damage in 7 th element, the damage is simulated by reducing the elastic modulus of the structure element in the finite element software, the first and second derivative of deflection influence line of a certain point are calculated by modeling and calculating in Midas, the concentrated force on the node is 40N, selecting 11 th node at the mid-span as the test point. According to finite element calculation results, the difference of the first and second derivative of deflection influence line between the damaged model and no damage model are shown in Figure 3 and Figure 4 , respectively. According to Figure 3 , there is no obvious regularity in the difference of the first derivative of deflection influence line between the damaged model and no damage model, it is difficult to identify the damage in the structure accurately. But as shown in Figure 4 , the difference of the second derivative of deflection influence line between the damaged model and no damage model occurs mutation, and the position of the mutation is exactly between the 7 th and 8 th node, which indicates that the second derivative of deflection influence line can locate the single damage. Figure 5 . The difference of the first derivative of DIL. Figure 6 . The difference of the second derivative of DIL. Figure 5 and Figure 6 show the difference of the first and second derivative of DIL between the 15% damage model and no damage model in the 7 th and the 14 th element in the meantime, respectively. According to the Figures, it is similar to single damage, there is no obvious regularity in the difference of the first derivative of deflection influence line between the damaged model and no damage model. But the difference of the second derivative of deflection influence line between the damaged model and no damage model occurs two mutations, which exactly point out the two position of damage. Figure. 7, both 15 % and 25% damage are in the 7th element, when the damage degree increases, the difference of the first and second derivative of DIL is also increase, but it is difficult to locate the damage accurately. From Figure 8 .we can find that the difference of the second derivative of DIL can point out the position of damage well, and the value of the difference of the second derivative of DIL is proportional to the degree of damage, which indicates that difference of the second derivative of DIL can identify the damage degree in the structure accurately.
Multiple Damages Detection
Experimental Study Test Model and Case
The test model is the same as the finite element model, both of the span are 2.6m, the parameters of the arch model is shown in Table1. The arch was divided into 20 parts along the axial direction, it was loaded using 40N weight point by point, the DIL of the 11 th node was measured by high accuracy displacement sensor. The damage degree of the structure was simulated by the method of stiffness damage, a variety of different damage conditions were simulated by weaken section stiffness by grinder. Testing cases are as follows:
Case 1: The arch has no damage. Case 2: The 7th element of the arch has 15% damage. Case 3: The 7th element of the arch has 25% damage. Case 4: Both the 7th and the 14th elements of the arch have 25% damage. 
Test Results
The deflection influence line of the 11 th node is obtained by test, results are shown in Figure 9 and Figure 10 . According to these Figures, the tested deflection influence line is consistent with the deflection influence line with no damage in theory, however, the difference of the deflection influence line between different damage degrees is not obvious, and it is difficult to identify the damage of the structure by deflection influence line directly. 
Damage Detection Results
According to Figure 9 and Figure 10 , it is difficult to identify the damage of the structure by deflection influence line directly, the difference of the second derivative of deflection influence line can identify the damage. Figure. 11 and Figure 12 respectively shows the damage detection result of single damage and multiple damages of model 1, Figure 13 and Figure 14 respectively shows the damage detection result of single damage and multiple damages of model 2. As is shown in Figure 11 and Figure 13 , test errors are inevitable in the process of test, what they perform in the Figure are much raised peaks, but obviously mutation occurs in the damage position, as can be seen, the difference of the second derivative of deflection influence line can locate the damage well, and it can identify qualitatively the damage degree, which is the same as the result of simulation. In addition, in Figure 12 and Figure 14 ,when the model occurs two damages, its difference of the second derivative of deflection influence line occur two mutations, as can be seen, using the difference of the second derivative of deflection influence line to identify multiple damages is feasible. 
Conclusion
A damage numerical simulation of arch structure was carried out by using the damage detection method based on deflection influence line in this paper, the main findings are as follow: 1. The damage detection method of arch structure based on the difference of the second derivative of deflection influence line is proposed, and a numerical test is made to verify the correctness of it, the numerical calculation indicates that this method can identify damage location and degree effectively.
2. Two groups of different damage of arch structure models were made, experimental study on the damage was carried out by using the damage detection method based on deflection influence line theory. The experimental results achieved a good damage detection effect, which indicates that this method is effective in practical application.
3. In practical operation using damage detection method of deflection influence line, moving loading can be used, it just need to measure the deflection of a certain point, which is convenient and practical, and can save vast test time.
